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SUMMARY 

f 

This  Report  describes  a  system  for  synchronizing  the  oul5)ut  waveform 
of  a  clock  with  a  pulse  irtiose  frequency  is  lower  than  that  of  the  clock.  It 
describes  the  system  ii^ •general  terms  and  details  are  given  of  an  explication 
in  a  satellite  PCM  data  handling  simulator.  Suggested  modifioatlons  for  use 
in  satellite  applications  are  also  described. 
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1  UTOtODIJCTiaN 

During  the  development  of  a  satellite  PCM  data  handling  simulator^  it 
beoame  necessai^  to  develop  a  clock  idiich  could  be  ^rnchronized  from  an 
associated  computer  being  used  to  process  the  data.  IThls  need  turose  because 
the  computer  used  could  supply  pulses  only  at  the  word  rate,  whereas  the 
simulator  also  required  pulses  at  the  bit  rate  (in  this  particular  case  there 
are  8  bits  per  word). 

It  was  realised  that  a  similar  requirement  exists  in  satellites,  idiere 
it  is  desirable  to  sample  -the  data  outputs  of  on-board  scientific  experiments 
at  rates  idiich  are  a  function  of  the  satellite  spin  rate.  In  such  cases  the 
q/nchronization  pulses  can  be  derived  from  sensors,  e.g.  sun  sensors. 

This  Report  gives  details  of  a  circuit  arrangement  that  provides  an 
equal  mark  to  space  ratio  output  waveform  which  is  continuously  variable  fx^ 

80  pxjlses  per  second  (pps)  to  8000  pps.  This  corresponds  to  synchronization 
pulse  frequencies  of  10  pps  to  1000  pps.  However,  considerable  variations  in 
system  performance  can  be  achieved  by  suitable  modifications  to  the  basic 
circuit  and  these  modifications  are  discussed  in  section  4. 

2  PRINCIPIE  OF  OPERATION 

A  block  diagram  is  diown  in  Rig.l, 

The  clock  consists  essentially  of  a  voltage  controlled  oscillator  (VCO), 
whose  output  feeds  a  binaiy  counter.  The  input  voltage  to  the  VCO  is  controlled 
by  the  difference  between  the  time  for  a  given  number  of  counter  output  pulses 
and  the  time  between  successive  input  synchronization  pulses. 

The  state  of  the  binaiy  coiinter  is  detected  by  two  decoders  and  for  the 
arrangement  considered  one  decoder  detects  the  ’all  1’  state,  and  the  other  the 
'all  O'  state  (although  clearly  any  two  states  could  be  detected  by  appropriate 
design  of  the  decoder  logic).  The  VCO  is  gated  ’ON'  when  the  ’all  0’  state  is 
detected  and  remains  'ON'  until  the  ’all  1’  state  is  detected  when  the  VCO  is 
gated  ’OFF’.  The  counter  is  reset  to  Ihe  ’all  0’  state  by  the  ir5)ut 
synchronization  pulse.  The  system  is  arranged  for  the  counter  to  remain  in 
the  ’all  0’  state  for  a  time  corresponding  to  the  period  of  Ihe  VCO  output 
waveform. 

In  addition  to  controlling  the  gating  of  the  VCO  the  decoders  select 
either  a  positive  or  a  negative  charging  current  for  the  ii^ut  capacitor. 
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Th*  'all  1'  decoder  selects  a  positive  charging  current  which  decreases  the 
VCO  output  frequency  whereas  the  'all  O'  decoder  selects  a  negative  charging 
ouzrent  increasing  its  frequency.  The  resultant  frequency  change  depends 
upon  llxe  difference  between  the  time  the  counter  is  in  the  'all  1'  state  and 
the  'all  O'  state.  After  a  number  of  operating  sequences  this  difference 
tends  to  zero  and  the  VCO  will  have  a  continuous  output  slaved  to  the  incoming 
jiQrnohronization  pulses. 

3  CIRCUir  DETAILS 

3.1  General 

!nie  circuits  described  in  this  section  are  those  devd.opea  for  appli¬ 
cation  in  a  satellite  PCM  data  handling  simulator.  A  circuit  diagram  is 
shown  in  Pig,  2a  and  it5)ut  and  output  waveforms  in  Fib.  2b.  Modifications  to 
this  basic  arrangement  to  make  it  suitable  for  spacecraft  applications  are 
discussed  in  section  if. 

3.2  The  voltage  controlled  oscillator  (VCO) 

The  requirements  of  the  VCO  are; 

(i)  An  output  frequency  variable  from  80  pps  to  8000  pps  in  order  to 
accept  a  wide  range  of  bit  rates. 

(ii)  A  high  input  impedance  so  that  the  discharge  rate  of  the  input 
capacitor  is  negligible. 

(iii)  Output  voltage  levels  and  impedance  compatible  with  the  input 
requirements  of  the  logic  circuits  used  (in  this  case  Series  74). 

(iv)  An  output  waveform  period  proportional  to  the  input  voltage. 

(This  ensures  the  same  qystem  sensitivity  over  the  required  range  of  output 
frequencies. ) 

(v)  An  output  voltage  level  consistent  with  the  beginning  of  a  pulse 
period  when  the  VCO  is  gated  on. 

(vl)  Self-starting  capability  with  no  allowance  permitted  in  the 
number  of  output  pulses  before  achieving  a  fixed  frequency  output. 

A  simple  astable  multivibrator  was  considered  initially  but  was  found 
to  be  Inconsistent  with  (iv)  above. 

The  circuit  finally  developed  is  shown  in  Fig. 2a.  It  uses  a  comparator 
aaqilifier,  (lA  T03Q,  whose  output  switches  rapidly  from  a  positive  to  a 
negative  voltage  when  the  voltage  on  capacitor  C2  exceeds  that  on  capacitor  Cl. 


This  transition  triggers  a  monostable  which  turns  on  transistor  T1 .  The  period 
of  the  monostable  (determined  by  C5  R20)  is  sufficiently  long  to  completely 
discharge  C2.  On  completion  of  this  period,  T1  is  switched  off,  C2  charges 
through  resistor  R13  and  the  qycle  is  repeated  again  when  the  voltage  across 
C2  exceeds  that  across  C1 .  Thus  the  period  of  oscillation  is  determined  by 
the  voltage  on  C1 ,  and  provided  the  maximum  period  of  oscillation  is  not 
greater  than  the  time  constant  C2  R13  then  the  condition  specified  in 
requirement  (iv)  is  adequately  satisfied. 

3.3  The  binary  counter 

This  is  a  four  stage  binary  counter  consisting  of  four  bistables  and 
associated  control  gates.  The  'all  O'  condition  is  obtained  by  feeding  the 
synchronisation  pulses  to  the  'CLEAR'  input  of  each  bistable.  These  pulses 
are  routed  via  logic  gates  because  a  direct  connection  would  permit  a 
situation  whereby  the  circuit  would  fail  to  oscillate.  With  reference  to 
Fig. 2a,  consider  the  situation  when  the  supply  voltages  are  first  switched  on. 
It  is  possible  that  the  voltage  on  C1  is  negative  with  respect  to  zero 
potential  which  produces  a  negative  voltage  at  the  comparator  output  (regard¬ 
less  of  the  voltage  on  C2)  and  inhibits  the  monostable.  To  overcome  this 
condition  the  output  of  the  monostable,  normally  at  a  logic  *0’  is  now  a 
logic  '1',  and  is  used  to  steer  the  incoming  sync  pulses  through  the  gates  to 
the  'PRESET'  inputs  of  ttie  bistables  instead  of  the  'CLEAR'  inputs.  Thus  the 
bistable  outputs  are  set  to  the  'all  1'  state  which  allows  capacitor  C1  to  be 
charged  from  the  positive  current  source.  This  positive  charging  will  con¬ 
tinue  until  the  voltage  on  C1  is  more  positive  than  that  on  C2,  idjen  the 
comparator  output  voltage  will  become  positive  thereby  creating  the  conditions 
required  for  the  circuit  to  oscillate. 

3.4  The  decoders 

The  decoders  are  two  four-input  positive  'Nand'  gates  detecting  the  two 
required  states.  The  output  of  the  'all  1'  decoder  is  inverted  to  achieve 
correct  operation  of  the  positive  constant  current  source. 

3.5  The  input  capacitor 

The  purpose  of  the  input  capacitor  Cl  is  to  maintain  the  VCO  input 
voltage  (and  therefore  the  output  frequency)  constant  between  successive 
charging  periods.  This  voltage  will  change  however  due  to: 


(i)  the  comparator  iiqjut  current, 

(li)  'ttie  leakage  current  of  Ihe  oonatant  current  sources, 

(iii)  the  leakage  current  due  to  the  imperfections  of  the  oapaoltor 

itself. 

Therefore  the  larger  the  ratio  of  Cl/l^  (where  is  the  total  leakage 
current)  the  smaller  the  voltage  change  at  the  VCO  ii^ut. 

It  should  he  noted  that  since  includes  the  leakage  current  on 
0£$aoitor  Cl  (possibly  the  dominant  contribution),  increasing  the  value  of 
C1  does  not  necessarily  increase  Cl/l^. 

The  ii^jut  o^aoitor  chosen  for  the  PCM  simulator  applications  was  a 
12*5  non-polarised,  wet  electrolyte,  tantalum  foil  type,  having  a  maximum 
leakage  of  2*5  (iA  at  20®C, 

The  maximum  input  current  to  the  comparator  amplifier  is  1  pA  and 
since  other  leakage  currents  are  negligible,  max  is  3*5  kA.  Thus  the  VCO 
i:Q>ut  voltage  ohanges  at  a  maximum  rate  of  280  mV/sec,  and  since  the  minimum 
frequency  of  the  q^chronisation  pulse  is  10  pps  (i.e.  a  pulse  period  of  0‘1 
sec)  the  maximum  change  in  the  VCO  input  voltage  is  28  mV.  This  will  cause  » 
maximuin  variation  in  output  frequency,  between  successive  synchronization 
pulses  of  0*56jJ  ^diich  is  readily  acceptable  for  the  PCM  simulator  application. 

It  should  be  noted  that  because  the  period  of  Ihe  VCO  output  is  approxi- 
mately  proportional  to  the  input  voltage,  this  error  is  almost  constant 
throu^out  the  frequency  range  of  iiQ>ut  synchronization  pulses. 

3.6  The  constant  current  sources 

3.6.1  General 

A  constant  current  is  sipplied  to  capacitor  Cl  through  either  of  the 
resistor  transistor  combinations  T4  R11  or  T5  R12  (see  Pig. 2a).  The  base 
currents  for  transistors  T4  and  T5  are  supplied  through  the  resistor 
transistor  oomblnatlons  of  T2  R8  and  T3  R9  respectively;  and  are  negligible 
ocopared  with  the  current  through  the  resistor  chains  R8  R7  and  R9  R10.  Thus 
the  base  and  emitter  potentials  of  transistors  T4  and  T5  are  well  defined. 

The  charging  current  I  is  determined  by  the  relationship; 
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is  the  potential  at  the  base  of  either  T4  or  T5 
is  the  emitter  base  voltage  of  T4  or  T5 
is  the  base  current. 

For  the  circuit  configuration  shown  in  Fig.2a  the  charging  current  is 
0*7  nA. 

3.6.2  Determining  the  value  of  charging  current 

Ai^  error  in  VC3  output  frequency  is  corrected  by  the  synchronization 
pulse  because  this  error  results  in  a  time  difference  between  the  ' all  1 ' 
and  the  'all  0*  states.  If  this  error  is  due  to  leakage  currents  causing 
the  ii^ut  capacitor  to  lose  its  charge,  correction  is  required  every 
synchronization  pulse,  which  results  in  a  constant  time  difference  between 
the  'all  1'  and  the  'all  O'  state.  To  make  this  difference  small  the  charging 
current  should  be  made  large  but  there  is  a  maximum  value  which  if  exceeded 
will  prevent  synchronization. 

A  design  constraint  is  that  the  'Srror  correction  factor'  should  be  less 
than  2,  where  'Error  correction  factor'  is  defined  as: 

The  voltage  change  at  the  VCO  input  caused  by  the  oorreotlon 
The  original  error  in  the  VCO  ii^ut  voltage 


where  V. 


The  'error  correction  factor'  is  proportional  to  the  charging  current 
and  can  be  calculated  using  the  relationship:- 


where  I  is  the  charging  current  (pA) 
c 

C1  is  the  value  of  the  input  oepaoitor  ((x?) 
t  is  the  time  between  synchronization  pulses  (second) 
V  is  the  required  value  of  the  VCO  input  (volt). 
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Por  the  circuit  configuration  shown  in  Pig, 2a  when  operating  at  its 
mlniBBim  aijnchronization  pulse  repetition  rate  of  10  pps 

t  =  0*1  sec 
V  =  5  V 
C  =  12*5  |iF 
I  =  0*7  mA 


resulting  in  an  ’error  correction  factor'  of  1*12. 

3.7  System  errors 

3.7.1  general 

Errors  in  the  output  waveform  can  be  considered  in  terms  of  position 
■errors  or  width  errors  or  both.  These  errors  are  illustrated  in  Pig. 3. 

3.7.2  Position  errors 

It  has  previously  been  stated  that  because  of  leakage  currents  the 
output  frequency  of  the  VCO  changes  be.tween  successive  synchronization 
pulses,  whereupon  a  correction  is  ipplied.  This  change  j "plies  an  increasi-'g 
error  in  the  position  of  the  edges  of  successive  oul5)ut  pulses,  and  can  be 
expressed  in  terms  of  the  time  for  a  given  number  of  output  transitions,  TO, 
and  the  time  between  successive  sync  pulses,  TS: 

/to  no\ 

percentage  error  =  —  -  —  x  100 


where  NO  is  the  number  of  output  transitions  considered 

NT  is  the  total  number  of  transitions  to  fill  the  counter. 

3.7. 3  Width  error 

The  time  that  the  counter  is  in  any  one  state  will  vaiy  due  to 
position  errors.  The  time  that  the  counter  is  in  the  'all  1'  state  (TF)  is 
determined  by  the  combined  width  errors  of  all  the  previous  states.  Thus  the 
maximum  error  can  be  expressed; 


/  \  f  ITP  X  NT  1 

percentage  error  (maximum)  =  \  "ts"~*  "  ^ 


100 


It  should  be  noted  that  an  error  in  matching  the  negative  current 
r.ource  to  the  positive  current  source,  will  affect  the  width  error  of  the 
'all  1'  state. 
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The  circuit  arrangement  of  Pig.2a  gives  position  and  width  errors  of 
less  than  2JS,  Since  this  magnitude  of  error  was  acceptable  for  the  simulator 
application  no  atten^t  was  made  to  modify  the  circuit.  However,  such  an 
error  may  well  be  unacceptable  in  spacecraft  ^plications,  and  therefore 
some  limited  development  was  carried  out  with  a  view  to  minimising  the 
sources  of  error. 

k  PHRTHER  DBVELOPMENTS  FOR  SATELLITE  APPLICATIONS 
1».,1  General 

The  system  described  in  the  previous  section  is  unsuitable  for 
satellite  applications  for  three  main  reasons: 

(a)  The  coii;>onents  chosen  would  have  to  be  compatible  with  the  low 
power  consuii5)tion  and  high  reliability  criteria  applied  to  all  satel.lite 
electronic  systems. 

(b)  The  synchronization  pulses  may  be  generated  only  one  per 
satellite  revolution,  which  resiilts  in  sync  pulse  repetition  rates  as  low  as 
6  pulses  per  minute,  and  typically  30  p\ilses  per  minute.  This  compares  with 
10  pps  to  1000  pps  for  the  system  previously  described, 

(c)  The  number  of  counter  states  in  the  existing  system  is  l6,  which 
would  permit  data  sampling  rates  of  only  ^  samples  per  second  relative  to  a 
satellite  spin  rate  of  6  pulses  per  minute.  Required  sampling  rates  are 
typically  in  the  range  50-500  samples  per  second;  and  thus  an  increase  in  the 
number  of  counter  stages  for  satellite  applications  is  required.  Furthermore, 
the  clock  is  required  to  generate  the  bit  rate  which  is  typically  8  times 
faster  than  the  sampling  rate.  It  may  also  be  desirable  to  generate  a  dock 
rate  for  the  operation  of  an  analogue- to-digital  converter  which  is  much 
greater  than  the  data  bit  rate. 

Possible  modifications  to  the  basic  system  to  satisfy  the  satellite 
requirements  are  discussed  in  the  following  sections. 

4.2  Decreasing  the  power  consumption 

The  system  described  in  section  3  consumes  approximately  400  vM  of 
power.  The  majority  of  this  power  is  consumed  by  the  logic  and  oonqjsurators, 
270  iriff  and  100  nif  respectively.  Thus  significant  savings  in  power  con¬ 
sumption  will  result  from  using  low  power  logic  and  a  more  suitable 
comparator. 
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Using  SN  5Wi  logic  units  and  a  LU  101  aagjlifier  operating  from  ±5  V 
voltage  supplies  the  total  power  consumption  is  reduced  to  77  nW. 

4.3  Synchronization  pulse  repetition  rate 

Brrors  associated  with  the  discharge  of  the  irq>ut  capacitor  will  increase 
as  the  time  between  consecutive  synchronization  pulses  increases.  The  dis¬ 
charge  rate  is  dependent  upon  the  ratio  Cl/l^  (section  3»5)»  and  the  aim  must  be 
to  achieve  a  maximum  value  for  this  ratio  consistent  with  acceptable  oonponent 
size.  Two  alternatives  were  considered. 

(i)  A  solid  tantalum  cspacitor,  ^ich  has  a  good  volumetric  efficienpy 
but  a  relatively  high  leakage  current  (e.g,  tiie  Kemet  lype  K100A30  has  a  value 
of  100  jiP,  a  volume  of  0*076  in'^  and  a  maximum  leakage  current  of  0*5  (iA  at  70°C 
operating  at  5  V). 

(ii)  A  metallized  polycarbonate  capacitor,  which  is  relatively  large 
for  a  given  capacitance  value  but  has  a  lower  value  of  leakage  current  (e.g, 

STC  type  43-16-ASA  has  a  value  of  4*7  (iP  and  a  volxjme  of  0*346  in^  and  a 
maximum  leakage  current  of  0*008  |iA  at  70°C  operating  at  5  V), 

Using  the  solid  tantalum  type  and  introducing  some  minor  modifications  to 
the  existing  system  position  errors  can  be  reduced  to  less  than  -0*3J6.  Using 
the  olher  1ype  of  capacitor  and  more  extensive  modifications,  -the  position 
error  can  be  reduced  to  less  "than  -0*23?.  (Errors  are  calculated  assuming  a 
synchronization  pulse  repetition  rate  of  6  pulses  per  minute.) 

Further  error  reductions  can  be  achieved  at  the  expense  of  circuit 
complexily,  e.g,  selecting  resistor  values  to  balance  the  various  leakage 
currents  and  using  thermistors  to  provide  some  degree  of  tenperature  compen¬ 
sation. 

Another  approach  is  to  accept  the  relatively  high  leakage  current  of 
tile  tantalum  capacitor,  and  attempt  to  compensate  for  it  during  tiie  period 
between  sync  pulses.  This  can  be  achieved  by  replacing  the  ccpaoitor  Cl  by 
a  X  network  (Fig.4).  By  suitable  choice  of  R  and  provided  the  resultant 
time  constant  is  relatively  large  compared  with  the  sync  pulse  period,  it  is 
possible  to  significantly  reduce  changes  in  VCO  input  voltage  during  this 
time. 

The  problems  due  to  leakage  at  the  VCO  izput  can  be  eliminated  by 
replacing  the  input  capacitor  and  tiie  current  sources  with  a  digital-to- 
analogue  converter  (DAC). 
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The  inputs  to  the  DAC  could  he  from  an  'up  down'  coiuiter,  the  count 
decreasing  during  the  first  state  of  the  main  binary  counter  and  increasing  during 
the  last  state.  The  clock  for  the  'iq)  down'  counter  can  be  supplied  from  a 
free-running  as table. 

However,  system  complexity  is  considerably  increased  and  becomes 

2 

oon^arable  with  an  fl-Tl  digital  system  and  therefore  has  no  advsuitages. 

4.4  Number  of  counter  states 

The  need  for  an  increase  in  the  number  of  counter  states  between 
synchronization  pulses  has  already  been  discussed  (4.1(c)),  the  upper  limit 
being  dependent  upon  the  maximum  operating  frequency  of  the  VCC.  In  the 
system  described  previously  lliis  was  approximately  lOOK  pps.  Thus  the 
maximum  number  of  states  for  a  maximum  satellite  spin  rate  of  50  pulses 
per  minute  is  200  000.  An  18  stage  binary  counter  gives  a  maximum  of 
262  IVf  states,  which  can  be  reduced  to  200  000  by  appropriate  design  of  the 
decoder.  However  having  a  long  binary  counter  reduces  the  time  for  which  the 
current  sources  are  switched  on.  Ciis  in  turn  increases  the  time  required  for 
initial  synchronization  and  makes  it  more  difficult  to  follow  changes  in 
synchronization  frequency.  It  is  expected  that  the  latter  difficulty  will 
arise  if  the  period  between  successive  synchronization  pulses  (TS)  changes 
by  more  than  TS/NT,  (where  NT  is  the  total  number  of  counter  states). 

To  overcome  these  difficulties  two  possible  alternatives  were  considered: 
either  the  decoder  can  be  made  to  combine  a  greater  number  of  output  states, 
thereby  increasing  the  times  for  which  the  current  sources  are  switched  on, 
or  the  system  can  be  modified  to  include  a  ^nc  bistable  (Pig,5)  which  is 
triggered  by  each  incoming  sync  pulse.  When  the  sync  bistable  'OinPUT'  changes 
to  a  binary  0  the  counter  is  cleared  and  the  initial  conditions  set  for  the 
VCO.  In  this  arrangement  the  decoders  are  replaced  by  coincidence  gates  which 
are  operated  by  the  'OUIPUT'  and  'OOTPOT'  of  the  sync  bistable,  and  counter 
full  bistable  (Pig,5).  The  ^WIPUT'of  the  latter  switches  to  a  binary  '1'  when 
the  counter  is  full.  Thus,  if  the  counter  is  filled  before  the  arrival  of  a 
sync  pulse,  the  positive  current  source  is  turned  on,  which  increases  the 
voltage  on  Cl ,  and  decreases  the  output  frequency.  This  capacitor  will  continue 
to  charge  until  the  arrival  of  a  qyno  pulse,  when  the  sync  bistable  changes  state, 
(the  'OinPOT'  becoming  a  binary  '0')  thereby  switching  off  the  positive  current 
source.  The  'counter  full'  bistable  will  not  change  state  until  the  sync 
bistable  is  triggered  again,  resetting  the  counter.  However,  if  over  compensation 
occurs  the  sync  bistable  is  triggered  before  the  counter  full  bistable  ohau^ges 
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state y  an&  conditions  now  estist  whereby  the  negative  current  source  is  turned 
on.  This  causes  a  decreasing  voltage  on  Cl  idiich  will  continue  until  the 
counter  full  bistable  ohauges  state. 

Thus,  there  is  a  gradual  adjustment  of  input  voltage  (and  hence  output 
frequenoy)  at  each  alternate  sync  ptilse,  until  precise  synchronization  is 
aohieved. 

If  only  two  or  four  states  between  synchronization  pulses  are  required, 
it  may  be  simpler  to  use  'frequency  doubling  circuits’  as  shown  in  Pig,6, 

The  sync  pulses  are  used  to  trigger  a  bistable  (sync  bistable)  idiose 
output  is  a  squaira  wave,  which  is  connected  to  the  iiput  of  the  frequenoy 
doubling  circuit.  The  irq)ut  waveform  is  integrated  by  R1  Cl,  smoothed  by 
R2  C2,  and  the  resultant  wavefoms  A  and  B  (Pig,6)  are  connected  to  the  inputs 
of  the  cooparator  amplifier.  The  output  of  the  comparator  (waveform  C)  is  a 
square  wave  having  the  same  frequency  as  the  input  but  leading  by  90°.  By 
connecting  the  outputs  of  the  sync  bistable  and  the  comparator  to  the  inputs 
of  an  'exclusive  OR  gate'  a  waveform  twice  the  frequency  of  the  input  is 
obtained. 

This  output  can  supply  another  similar  circuit,  whose  output  frequenoy 
will  be  twice  that  of  the  iiput  sync  pulses.  Thus,  four  states  are  obtained 
between  successive  iiput  sync  pulses. 

5  CONCLUSIONS 

A  dock  generator  cspable  of  being  synchronized  from  an  external  source 
having  a  variable  pulse  repetition  frequenoy  has  been  described.  Although  the 
system  has  been  designed  for  a  particular  ground  based  test  equipment,  it  has 
potential  applications  in  spacecraft.  Necessary  modifications  to  the  basic 
system  for  such  an  application  are  discussed  and  it  is  estimated  that  a  clock 
generating  frequencies  in  the  range,  a  few  pulses  per  minute  to  1  MHz  can  be 
synchronised  to  an  irput  waveform  whose  frequenoy  may  be  vaiyii^  and  may  be 
as  low  as  a  few  pulses  per  minute. 

Variations  in  the  clock  output  frequenoy  can  be  maintained  better  than 
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Fig. 2b  Input  and  output  waveforms 
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Fig. 5  Modified  block  diagram 
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Fig.  6  Frequency  doubling  circuit 


